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DESCRIPTION 

METHOD FOR MANUFACTURING ANISOTROPIC MAGNET POWDER 

Technical Field 

[0001] The present invention relates to a method for manufacturing an 
anisotropic magnet powder, which is capable of manufacturing an anisotropic 
magnet powder exhibiting excellent magnetic properties. 

Background Art 

[0002] Magnets have been used in many machines and tools around us, such 
as various kinds of motors, and recently, the dimensions and weight of these 
machines and tools have been reduced, and the efficiency thereof has been 
enhanced. Accordingly, the development of permanent magnets exhibiting 
higher power has been demanded. To meet such demand, RFeB-based 
magnets (rare earth magnets), each being composed of rare earth elements 
(R), boron (B) and iron (Fe), have been developed. Examples of the 
methods for manufacturing such rare earth magnets include a melt-spinning 
method as one rapid-quenching method, which is disclosed in patent 
documents 1 and 2. And, as disclosed in patent documents 3 and 4, 
examples of such methods include HDDR 

(hydrogenation-disproportion-desorption-recombinatidn) methods in which a 
hydrogenation • disproportionation reaction is carried out in two processes 
basically composed of a hydrogenation process and a dehydrogenation 
process. With these conventional methods, however, only magnet powder 
exhibiting low magnetic properties can be obtained. And these conventional 
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methods are difficult to suit to the mass production of anisotropic magnet 
powder exhibiting excellent magnetic properties. 

[0003] The present inventors have already developed a method for 
manufacturing anisotropic magnet powder exhibiting excellent magnetic 
properties, which is different from the above-described conventional methods. 
The properties of the magnet powder obtained with this method are unique, 
and accordingly, this method greatly differs from the HDDR method in 
processes thereof, whereby this method is called the d-HDDR method to 
distinguish it from the HDDR method. This d-HDDR method is characterized 
in that a plurality of processes using different temperatures and hydrogen 
pressures are provided, and that the reaction of the RFeB-based alloy and 
hydrogen is adjusted to a slow rate to obtain a homogeneous anisotropic 
magnet powder exhibiting excellent magnetic properties. More specifically, 
the d-HDDR method is basically composed of four processes consisting of a 
low-temperature hydrogenation process in which the RFeB-based alloy is 
made to absorb hydrogen sufficiently at room temperature, a 
high-temperature hydrogenation process in which a hydrogenation • 
disproportionation reaction is made under a low hydrogen pressure, a first 
evacuation process in which hydrogen is made to dissociate slowly under a 
hydrogen pressure as high as possible, and a second evacuation process in 
which hydrogen is removed from a resultant material. The details of each 
process are disclosed in patent documents 5 and 6, and non-patent 
document 1 , etc. 

[0004] 
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Patent document 1: U.S.R No. 4851058 
Patent document 2: U.S.R No. 5411608 

Patent document 3: Publication of unexamined JP patent application No. 
Hei2-4901 

Patent document 4: Publication of unexamined JP patent application No. 
Heill-31610 
Patent document 5: Japanese Patent No. 3250551 

Patent document 6: Publication of unexamined JP patent application No. 
2002-93610 

Non-patent document 1: Transactions of the Magnetics Society of Japan, 
24(2000). R 407 

Disclosure of Invention 
[0005] With the above-described d-HDDR method, anisotropic magnet 
powder exhibiting excellent magnetic properties can be obtained, but 
magnets for use in driving motors of automobiles, etc. are required to exhibit 
higher magnetic properties. Furthermore, as the production increases, the 
amount of heat generated or absorbed in the reaction of the RFeB-based 
alloy and hydrogen increases so that the temperature in a treating 
atmosphere readily changes locally. Consequently, with this conventional 
method, the temperature change in the treating atmosphere cannot be 
adjusted properly so that the anisotropic magnet powder exhibiting high 
magnetic properties has been difficult to manufacture stably. 

[0006] The present invention has been made considering these 
circumstances. Namely, the present invention has an object of providing a 
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method for manufacturing an anisotropic magnet powder exiiibiting excellent 
magnetic properties superior to those of conventional magnet powder. And 
the present invention has an object of providing a method for manufacturing 
an anisotropic magnet powder exhibiting high magnetic properties, which is 
capable of manufacturing the anisotropic magnet powder stably even when 
mass-produced. 

[0007] To achieve these objects, the present inventors have earnestly studied, 
and as a result of repeated tries and errors, and repeated systematic 
experiments, they have reconsidered the conventional high-temperature 
hydrogenation process and controlled evacuation process, and newly found 
that an anisotropic magnet powder exhibiting excellent magnetic properties 
superior to those of the conventional magnet powder can be obtained by 
carrying out a structure stabilization process after the high-temperature 
hydrogenation process so as to raise at least one of the temperature and the 
hydrogen partial pressure thereof, and then carrying out the conventional 
controlled evacuation process. In addition, they have also confirmed that 
this new method is much suited to the mass production of such powder, and 
have completed the present invention. 

[0008] The method for manufacturing an anisotropic magnet powder in 
accordance with the present invention includes a high-temperature 
hydrogenation process of holding an RFeB-based alloy which is composed of 
rare-earth elements (hereinafter referred to as "R") including yttrium (Y), 
boron (B) and iron (Fe) as main ingredients in a treating atmosphere under a 
first treating pressure (hereinafter referred to as "P1") of which a hydrogen 
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partial pressure ranges from 10 to 100 kPa and at a first treating 
temperature( hereinafter referred to as "T1") which ranges from 953 to 1133 K, 
a structure stabilization process of holding the RFeB-based alloy subjected to 
the high-temperature hydrogenation process in a treating atmosphere under 
a second treating pressure (hereinafter referred to as "P2") of which a 
hydrogen partial pressure is 10 kPa or more and at a second treating 
temperature( hereinafter referred to as "T2") which ranges from 1033 to 1213 
K such that the condition T2>T1 or P2>P1 is satisfied, a controlled evacuation 
process of holding the RFeB-based alloy subjected to the structure 
stabilization process in a treating atmosphere under a third treating pressure 
(hereinafter referred to as "P3") of which a hydrogen partial pressure ranges 
from 0.1 to 10 kPa and at a third treating temperature( hereinafter referred to 
as "T3") which ranges from 1033 to 1213 K, and a forced evacuation process 
of removing residual hydrogen (H) from the RFeB-based alloy after the 
controlled evacuation process. 

[0009] The most different point of the method of the present invention from 
the conventional d-HDDR method is that the structure stabilization process is 
newly provided between the high-temperature hydrogenation process and the 
controlled evacuation process. The structure stabilization process has a 
great characteristic that at least one of the treating temperature and the 
hydrogen partial pressure thereof is increased, as compared with the 
high-temperature hydrogenation process. 

[0010] By carrying out the structure stabilization process of increasing at least 
one of the temperature and the hydrogen partial pressure after the 
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high-temperature hydrogenation process, and further carrying out the 
controlled evacuation process, magnet powder exhibiting excellent magnetic 
properties as compared with the conventional magnet powder can be 
obtained. In addition, it has been also found that with this manufacturing 
method, the anisotropic magnet powder exhibiting high magnetic properties 
can be mass-produced stably. 

[0011] It has not been sufficiently clarified why the manufacturing method in 
accordance with the present invention exhibits such excellent effects, but at 
present, it can be considered, as follows. 

The conventional d-HDDR method is basically composed of the 
following four steps: 

®ln a low-temperature hydrogenation process, hydrogen is made to be 
sufficiently solved in a solid phase by applying a hydrogen pressure in a 
temperature range not more than the hydrogenation • disproportionation 
reaction temperature so that the hydrogenation • disproportionation reaction 
slowly proceeds in the next process (high-temperature hydrogenation 
process). 

(DThen. in a high-temperature hydrogenation process, the hydrogenation • 
disproportionation reiaction is made to proceed while absorbing hydrogen at a 
predetermined temperature and under a predetermined pressure. 
©Then, in a controlled evacuation process, the recombination reaction is 
made to proceed slowly by carrying out dehydrogenation slowly at the same 
temperature as that in the high-temperature hydrogenation process and 
under a predetermined comparatively high pressure. 

©Furthermore, in a forced evacuation process, dehydrogenation is carried 
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out to remove residual hydrogen, thereby completing the treatments, three 
phase decomposition is made to proceed as slowly as possible, and 
recombination is made to proceed as slowly as possible. 

[0012] To develop the method for manufacturing magnet powder having 
excellent magnetic properties superior to those of the conventional magnet 
powder, the present inventors have earnestly studied the relation between the 
above-described various treatments and structure, and have reexamined the 
conventional d-HDDR method. 

[0013] In the conventional high-temperature hydrogenation process, the 
hydrogenation • disproportionation reaction has been made to proceed as 
slowly as possible. However, this results in the hydrogenation • 
disproportionation reaction being not completed sufficiently so that a small 
amount of 2-14-1 phase (R2 FeuB phase) remains, and deposit to be 
hydrogenated and decomposed remains. As a result, it has been 
considered that the expected magnetic properties have not been sufficiently 
exhibited. If the hydrogenation • disproportionation reaction is not finished 
completely, homogeneous crystal grains are difficult to obtain after the 
recombination reaction. As a result, the magnet powder becomes a 
grain-mixed structure, for example, thereby lowering the iHc, the rectangular 
properties of the magnetic curve, and (BH) max. 

[0014] In general, the reaction rate of the chemical reaction is highest at the 
beginning thereof, and gradually slows down. Therefore, it has been said 
that the reaction has not been completed if not held for a long period of time. 
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Namely, as the reaction approaches an end thereof, the reaction is difficult to 
proceed. Where the period of time of the high-temperature hydrogenation 
process is simply extended in anticipation of the slowdown of the reaction 
rate in order to complete the hydrogenation • disproportionation reaction, the 
hydrogenation • disproportionation reaction is completed, but the heat treating 
time becomes too long, thereby causing the deterioration of the 
structure(coarsening of structure, etc.) and the lowering of the magnetic 
properties. 

[0015] The present inventors have got the following idea for completing the 
hydrogenation • disproportionation reaction sufficiently without coarsening of 
structure. Namely, at the beginning where the reaction speed is relatively 
high, the hydrogenation • disproportionation reaction is made to proceed as 
slowly as possible, but, in this case, the reaction rate gradually slows down 
so that a long period of time is needed to complete the reaction. Accordingly, 
the present inventors have contemplated that it is effective to increase the 
reaction rate of the hydrogenation • disproportionation reaction, thereby 
completing the above-described reaction speedily. 

[00161 The hydrogenation • disproportionation reaction is a unique reaction 
which is controlled with both the temperature and hydrogen partial pressure. 
The present inventors have investigated the means of increasing the reaction 
rate by controlling the treating temperature and hydrogen partial pressure. 
Namely, It has been considered that by increasing the treating temperature, 
the driving force for the hydrogenation • disproportionation reaction increases 
to enable the speedy completion of the reaction. In addition, it has been 
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considered that by increasing the hydrogen partial pressure, the reaction is 
speedily completed like the case in which the treating temperature is 
increased. 

[0017] For the above-described reason, by increasing at least one of the 
hydrogen pressure and the treating temperature at the end of the 
hydrogenation • disproportionation reaction, such reaction can be completed 
speedily 

[0018] The present invention has solved the above-described problem by 
newly providing the structure stabilization process between the 
high-temperature hydrogenation process and the controlled evacuation 
process. Consequently, it has also become possible to enlarge the treating 
temperature ranges in the conventional high-temperature hydrogenation 
process and controlled evacuation process independently For example, in 
the case of the conventional d-HDDR treatment, the treating temperature 
range in the high-temperature hydrogenation process and the controlled 
evacuation process was as narrow as from 1033 to 1133 K. In contrast, in 
the case of the present invention, the treating temperature range of the 
high-temperature hydrogenation process can be enlarged to the range from 
953 to 1133 K and the treating temperature range of the controlled evacuation 
process can be enlarged to the range from 1033 to 1213K. Thus, the 
treating temperature range of each process can be enlarged to approximately 
double the conventional treating temperature range. 

[0019] As a result, even where a rapid heat generation occurs in the 
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high-temperature hydrogenation process, and a rapid heat absorption occurs 
in the controlled evacuation process due to the increment of the treating 
amount, each process can be carried out in a proper temperature range. 
More specifically, by carrying out the high-temperature hydrogenation process 
at temperatures on the lower temperature side of the above-described proper 
temperature range, and carrying out the controlled evacuation process at 
temperatures on the higher temperature side of the above-described proper 
temperature range, each process can be treated in the proper temperature 
range even when the treating amount is increased. In addition, the treating 
temperature range of each process can be enlarged so that the temperature 
adjustment of each process is much facilitated. 

[0020] As described above, even where the treating amount is increased, the 
high-temperature hydrogenation process proceeds in the temperature range 
suited to the hydrogenation • disproportionation reaction, and the controlled 
evacuation process proceeds stably in the temperature range suited to the 
recombination reaction. As a result, anisotropic magnet powder exhibiting 
high magnetic properties such as excellent Br and iHc, and accordingly 
excellent (BH)max can be stably obtained when mass-produced. 

Brief Description of the Drawing 

FIG. 1 is a first process pattern diagram which diagrammatically shows 
details of treatments in each process. 

FIG. 2 is a second process pattern diagram which diagrammatically 
shows details of treatments in each process. 

FIG. 3 is a third process pattern diagram which diagrammatically 
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shows details of treatments in each process. 

FIG. 4 is a fourth process pattern diagram which diagrammatically 
shows details of treatments in each process. 

FIG. 5 is a fifth process pattern diagram which diagrammatically shows 
details of treatments in each process. 

FIG. 6 is a sixth process pattern diagram which diagrammatically 
shows details of treatments in each process. 

FIG. 7 is a seventh process pattern diagram which diagrammatically 
shows details of treatments in each process. 

FIG. 8 is an eighth process pattern diagram which diagrammatically 
shows details of treatments in each process. 

FIG. 9 is a ninth process pattern diagram which diagrammatically 
shows details of treatments in each process. 

Best Mode for Carrying out the Invention 
[0021] (Embodiment) 

Hereinafter, the present invention will be explained with reference to 
embodiments. 

(1) RFeB-based alloy 

RFeB-based alloy is composed of rare earth elements ( R ) including Y, 
B and Fe as main ingredients. Representative examples of the RFeB-based 
alloy include an ingot of which a main phase is R2Fei4B, coarse powder or 
fine powder which is obtained by pulverizing the ingot. 

[00221 R is rare earth elements including Y, but is not limited to one kind of 
element. A plurality of rare earth elements may be combined with each 
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other, or one part of a main element may be replaced with another element. 

[0023] Such R is composed of scandium (Sc), yttrium (Y), and lanthanoid. It 
is preferable that R as elements exhibiting excellent magnetic properties is 
composed of at least one element selected from the group consisting of Y, 
lanthanum (La), cerium (Ce), praseodymium (Pr), neodymium (Nd), 
samarium (Sm), gadolinium (Gd). terbium (Tb). dysprosium (Dy), holmium 
(Ho), erubium (Er), trium (TM) and lutetium (Lu). In particular, it is preferable 
that R is composed of at least one of Pr, Nd and Dy from the viewpoints of 
the cost and magnetic properties. 

[0024] And, it is preferable that the RFeB-based alloy contains iron as a main 
ingredient, and further contains 11 to 16 at% of R and 5.5 to 15 at% of B 
where the total amount of the RFeB-based alloy is 100 atomic % (at%), 
because where R is less than 11 at%, the a Fe phase deposits to lower the 
magnetic properties, where R exceeds 16 at%, the R2Fei4B phase decreases 
to lower the magnetic properties, where B is less than 5.5 at%, the R2Fei7 
phase exhibiting soft magnetic properties deposits to lower the magnetic 
properties, and where B exceeds 15 at%, the RaFe^B phase decreases to 
lower the magnetic properties. Where the B content increases to 10.8 at% 
or more, the deposition of proeutectica-Fe is restrained, thereby restraining 
the deposition of a-Fe, which causes the lowering in magnetic properties, 
whereby the disproportionation heat treating process which has been 
conventionally considered essential to the improvement of the magnetic 
properties can be omitted. As a result, the cost of magnet powder.etc. can 
be further decreased. 
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[0025] And, it is preferable that the RFeB-based alloy further contains at least 
one of gallium (Ga) and niobium (Nb), and it is more preferable that it 
contains both of them. Ga is an element which is effective in improving the 
coercive force iHC of the anisotropic magnet powder. It is preferable that 
the RFeB-based alloy contains 0.01 to 2 at% of Ga where the total amount of 
the RFeB-based alloy is 100 at%. And it is more preferable that the 
RFeB-based alloy contains 0.1 to 0.6 at% of Ga. In the case of less than 
0.01 at%, sufficient effect cannot be obtained, and in the case of greater than 
2 at%, the iHC conversely decreases. 

[0026] Nb is an element effective in improving the residual magnetic flux 
density Br. It is preferable that where the total amount of RFeB-based alloy 
is 100 at%, the RFeB-based alloy contains 0.01 to 1 at% of Nb. And it is 
more preferable that the RFeB-based alloy contains 0.1 to 0.4 at% of Nb. In 
the case of less than 0.01 at%, sufficient effect cannot be obtained, and in the 
case of greater than 1 at%, the hydrogenation • disproportionation reaction in 
the high-temperature hydrogenation process slows down. When Ga and Nb 
are added in combination, both the iHc and the anisotropy rate of the 
anisotropic magnet powder can be improved, thereby increasing the 
maximum energy product (BH)max. 

[0027] The RFeB-based alloy may contain Co. Co is an element effective in 
raising the curie point of the anisotropic magnet powder and improving the 
heat resistance thereof. It is preferable that where the total amount of 
RFeB-based alloy is 100 at%, the RFeB-based alloy contains 0.1 to 20 at% of 
Co. And it is more preferable that the RFeB-based alloy contains 1 to 6 at% 
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of Co. Where the Co content is too small, its effect is not achieved, but 
since Co is expensive, if the Co content increases, the cost thereof increases 
so as to be less preferable. 

[0028] In addition, the RFeB-based alloy may contain at least one element 
selected from the group consisting of Ti, V, Zr, Ni, Cu, Al, Si, Cr, Mn, Zn, Mo, 
Hf, W, Ta and Sn. These elements are effective in improving the coercive 
force and shaping the magnetizing curve into a rectangular curve, and it is 
preferable that the total amount of these elements is not more than 3 at% 
where the total amount of RFeB-based alloy is 100 at%. When the total 
amount of these elements is too small, the desired effect is not achieved, but 
when it is too great, deposit phase or the like appears to cause the lowering 
in the coercive force, or the like. 

[0029] It is preferable that the RFeB-based alloy further contains 0.001 to 1.0 
at% of La in addition to R. As a result, the anisotropic magnet powder and 
resultant hard magnet such as bonded magnet can be restrained from 
deteriorating with the years. The reason for this result is that La is the 
element having the greatest oxidation potential among rare earth elements (R. 
E.). Consequently, La operates as a so-called oxygen getter, and is oxidized 
selectively as compared with the above-described R such as Nd, Dy or the 
like (with priority thereto) to restrain the oxidation of the magnet powder and 
the hard magnet, each containing La. It can be considered to use Dy, Tb, 
Nd, Pr, etc. in place of La, but La is more preferable from the viewpoint of the 
oxidation restraining effect and cost. Where La is made to be contained for 
such intention, other rare earth elements than La should be selected as R in 
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the RFeB-based alloy. 



[0030] The effect of La, that is the improvement of corrosion resistance, can 
be obtained with the addition of a very small amount of La, which exceeds the 
level amount of inevitable impurities. When the level amount of the 
inevitable impurities is less than 0.001 at%, the lower limit of the La content 
may be 0.001 at%, 0.01 at%, 0.05 at% or 0.1 at%. On the other hand, when 
La exceeds 1.0 at%, the iHc lowers so as to be less preferable. Accordingly, 
it is more preferable that the La content ranges from 0.01 to 0.7 at%. Of 
course, the RFeB-based alloy contain inevitable impurities, and the 
composition thereof is balanced with Fe. 

[0031] The RFeB-based alloy can be manufactured by using an ingot which is 
melted and cast by various melting methods (high frequency melting method, 
arc melting method or the like) or a raw material which is prepared by the 
strip casting method. And where the RFeB-based alloy is powder obtained 
by pulverizing the ingot, strip or the like, the d-HDDR treatment proceeds at a 
constant rate so as to be preferable. When pulverizing, a generally used 
hydrogen pulverization method, mechanical pulverization method, or the like 
can be used. 

[0032] (2) d-HDDR treatment 

The manufacturing method in accordance with the present invention 
includes four essential processes of the high-temperature hydrogenation 
process, structure stabilization process, controlled evacuation process and 
forced evacuation process. But, these processes need not be carried out 
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sequentially. In addition, where the manufacturing method of the present 
invention further includes a low-temperature hydrogenation process before 
the high-temperature hydrogenation process, and a cooling process after the 
controlled evacuation process, it is preferable considering the mass 
production properties, too. And in order to improve the magnetic properties 
of the anisotropic magnet powder and improve the heat resistance, corrosion 
resistance or the like of the hard magnet (bonded magnet or the like) formed 
of the anisotropic magnet powder, thereby enlarging the uses thereof, it is 
preferable to carry out a diffusion heat treatment process, etc. Hereinafter, 
these processes will be explained. 

[0033] ® Low-temperature hydrogenation process 

The low-temperature hydrogenation process is the process of 
holding the RFeB-based alloy in a hydrogen atmosphere of which the 
temperature is not higher than 873 K, more preferably not higher than 723 K, 
before the high-temperature hydrogenation process. With this process, the 
the RFeB-based alloy is made to previously occlude a sufficient amount of 
hydrogen in such a low-temperature range as not to cause the 
hydrogenation • disproportionation reaction, thereby readily controlling the 
reaction rate of the hydrogenation • disproportionation reaction in the 
high-temperature hydrogenation process. When the treating amount is 
small, the occlusion of hydrogen in the RFeB-based alloy can be carried out 
in the high-temperature hydrogenation process, and accordingly, in the 
manufacturing method of the present invention, this process is not essential. 
Of course, it is preferable to provide this process for treating a large amount 
of RFeB-based alloy, and consequently mass-producing anisotropic magnet 
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powder which exhibits high magnetic properties stably. 

[0034] Since this process is carried out in such a temperature range as not to 
produce hydrogenation * disproportionation reaction, it can be considered that 
the following reaction mainly proceeds. 
R2 FeuBi -> R2 FeuBi Hx 

Namely, hydrogen is merely included between lattices of the 
RFeB-based alloy or crystal grain boundaries, and accordingly, in this 
process, the phase transformation is not basically generated. 

[0035] The starting temperature of the hydrogenation • disproportionation 
reaction depends on the composition of the raw alloys, but, nomnally, ranges 
from 873 to 1033 K. By determining the temperature of the present process 
at higher than 873 K, the structure transformation locally occurs to make the 
structure inhomogeneous. This causes the magnetic properties of the 
anisotropic magnet powder to remarkably lower so as to be less preferable. 
For this reason, it is preferable that the present process is carried out in the 
temperature range which is not higher than 873 K, and more preferably in the 
temperature range which is not higher than 723 K, and most preferably in the 
temperature range from room temperature to about 573 K. The hydrogen 
pressure (partial pressure) in the low-temperature hydrogenation process is 
not limited specifically, but it is preferable to detemiine it to the range from 30 
to 100 kPa, ex. By detemiining the hydrogen pressure to 30 kPa or more, 
the time for occluding hydrogen in the RFeB-based alloy can be shortened, 
and by determining the hydrogen pressure to 100 kPa or less, the hydrogen 
occlusion can be carried out economically. The treatment atmosphere is not 
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limited to hydrogen gas. A mixture of hydrogen gas and inert gas, ex. will do. 
The important factor in this process is hydrogen partial pressure, and this is 
true in the following processes, too. 

[0036] (D High-temperature hydrogenation process 

The high-temperature hydrogenation process is the process of 
holding the RFeB-based alloy in a treatment atmosphere of which the 
hydrogen partial pressure ranges from 10 to 100 kPa, and the temperature is 
a first treatment temperature (T1) ranging from 953 to 1133 K. The structure 
of the RFeB-based alloy which has occluded hydrogen in the present process 
is decomposed into three phases (Fe phase, RH2 phase, Fe2B phase) in the 
present process. It can be considered that the following hydrogenation • 
disproportionation reaction mainly proceeds in the present process. 
R2Fei4Bi Hx^RHa + Fe(B) -^RH2 + Fe + Fe2B 
Namely, first, the RFeB-based alloy occluding hydrogen is 
decomposed to Fe and hydride of R (RH2 ), thereby forming a layered 
lamellar structure. This Fe is considered to be in the state where B is 
dissolved in a solid phase in a supersaturated condition. And it can be 
considered that in this lamellar structure, distortion is introduced in only one 
direction, and that B dissolved in a solid phase in a supersaturated condition 
deposits as tetragonal Fe2B in one direction along the above-described 
distortion. 

[0037] Where the reaction rate is great, the lamellar structure in which 
distortion is oriented in one direction is not formed, and the directions of the 
deposited Fe2B also become random. Namely, the anisotropy rate lowers to 
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decrease Br. Accordingly, to obtain the anisotropic magnet powder having 
high magnetic properties, it is preferable to make the above-described 
reaction proceed as slowly as possible. To make the reaction rate slow, the 
upper limit of the hydrogen partial pressure is limited to 100 kPa in the 
present process. But, when the hydrogen partial pressure is too small, the 
above-described reaction does not occur, or a large amount of untransformed 
structure remains, thereby causing the lowering of the coercive force so as to 
be less preferable. Therefore, the lower limit thereof is determined to 10 
kPa. 

[0038] And when the treatment temperature in the present process is lower 
than 953 K, the above-described reaction does not proceed, and when the 
treatment temperature exceeds 1133 K, FeaB is difficult to deposit from the 
supersaturated Fe in one direction, or the above-described lamellar structure 
is difficult to form, because the reaction rate is high. As a result. Br in the 
magnet powder is caused to be lowered. Accordingly, the present process 
has been detemiined to be carried out at a first determining temperature (T1) 
ranging from 953 to 1133 K, at which the above-described reaction proceeds 
slowly. The details of the preferable reaction rate or the like are also 
disclosed in the above-described patent document 5 and non patent 
document 1 . 

[0039] (D Structure stabilization process 

The structure stabilization process is the process of raising the reaction 
rate at the end of the high-temperature hydrogenation process to complete 
the reaction sufficiently, thereby effecting the three-phase decomposition 
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surely. Accordingly, in the structure stabilization process, such a treatment 
atmosphere as to raise the reaction rate at the end of the high-temperature 
hydrogenation process may be fomned by arbitrarily selecting the treatment 
temperature (T2) or the hydrogen partial pressure (P2). More specifically, as 
compared with the treatment temperature (T1) and the hydrogen partial 
pressure (P1) in the high-temperature hydrogenation process, at least the 
condition of T2>T1 or P2>P1 may be satisfied. The increment of P2 and T2 
in the structure stabilization process as compared with P1 and T1 in the 
high-temperature hydrogenation process is not the object of the present 
process, but the improvement of the reaction rate at the end of the 
high-temperature hydrogenation process Is the object of the present process. 
Accordingly, provided that the reaction rate at the end of the high-temperature 
hydrogenation process increases, the condition of T2>T1 and P2<P1 or the 
condition of T2<T1 and P2>P1 will do. Even if P2 is detennlned to 20 kPa, 
when P1 is 30 kPa, for example, by raising T2 higher than T1 such that the 
influence of the condition of P2<P1 is sufficiently overcome, the object of the 
structure stabilization process is sufficiently attained. On the other hand, 
even if T2 is determined to 1048 K, when T1 is 1073 K, for example, by 
increasing P2 higher than P1 such that the influence of the condition of 
T2<T1 is sufficiently overcome, the object of the structure stabilization 
process is sufficiently attained. 

[0040] Of course, in order to shift the high-temperature hydrogenation 
process to the structure stabilization process smoothly, and obtain magnet 
powder exhibiting high magnetic properties stably, it is more preferable that 
the treatment atmosphere of the structure stabilization process satisfies the 
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condition of T2>T1 and P2^P1 or the condition of P2>P1 and T2^T1. 
Namely, this condition means that at least one of the treatment temperature 
and the hydrogen partial pressure in the structure stabilization process is 
higher than those in the high-temperature hydrogenation process. This 
condition enables the further promotion of the hydrogenation • 
disproportionation reaction which has proceeded and the reaction rate has 
lowered. And the residual 2-14-1 phase and the deposit to be hydrocracked 
after the high-temperature hydrogenation process are speedily hydrocracked. 

[0041] The hydrocracking may be completed during the raising of the 
temperature and increasing of the pressure. In any case, it is preferable to 
continue the structure stabilization process until the hydrocracking is finished 
approximately completely. 

[0042] The structure stabilization process is carried out to hydrocrack the 
residual 2-14-1 phase and the deposit to be hydrocracked after the 
high-temperature hydrogenation process. Considering this point, the range 
of the hydrogen partial pressure P2 was determined to 10 kPa or more, and 
the range of the treatment temperature T2 was determined to 1033 to 1213 K. 

[0043] When the hydrogen partial pressure is less than 10 kPa, the 
recombination starts and consequently, the magnetic properties lowers. On 
the other hand, the upper limit of the hydrogen partial pressure is not limited. 
As P2 increases, the effect of the structure stabilization process tends to be 
enhanced. But, considering the production convenience such as the cost, 
durability, etc. of a treatment furnace, the preferred upper limit of P2 is 200 
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kPa. 



[0044] The reason why the treatment temperature is determined to the range 
from 1033 to 1213 K Is that in the case of not more than 1033 K, the 
hydrocracl<ing of the residual 2-14-1 phase and the deposit to be 
hydrocracked does not proceed to cause the lowering of the magnetic 
properties, and in the case of not less than 1213 K. the deterioration of the 
structure occurs to cause the lowering of the magnetic properties. 

[0045] ® Controlled evacuation process 

The controlled evacuation process is the process of holding the 
RFeB-based alloy after the structure stabilization process in a treatment 
atmosphere of which the hydrogen partial pressure is a third treatment 
pressure (P3) ranging from 0.1 to 10 kPa, and the temperature Is a third 
treatment temperature (T3) ranging from 1033 to 1213 K. 

[0046] In the present process, hydrogen is removed from RH2 phase in the 
three phases formed in the preceding high-temperature hydrogenatlon 
process, and R2 FeuBi phase which contains Fea B as a core and of which 
the crystal orlentlon is equally arranged, Is recombined. At this time, it is 
considered that the following recombination reaction mainly proceeds. 
RH2 + Fe + FezB-* R2 Fe^Bi Hx + H2 

It is preferable that this recombination reaction proceeds as slowly as 
possible. Where the reaction rate is high, the oriention of the crystal of 
which the core is Fea B Is distorted to lower the anisotropy of the recombined 
R2 FeuBi phase and decrease the magnetic properties thereof. 



22 



[0047] Accordingly, In the present process, the third treatment pressure (P3) 
was determined to the range from 0.1 to 10 kPa. If a rapid evacuation of 
which the hydrogen partial pressure is less than 0.1 kPa is carried out, the 
evacuation rate of the alloy material in the vicinity of an evacuation outlet 
differs from that of the alloy material distant from the evacuation outlet, 
whereby the recombination reaction rate may become unequal. And, since 
the recombination reaction is an endothermic reaction, the temperature 
becomes unequal with positions, and accordingly the magnetic properties of 
the entire anisotropic magnet powder lower. On the other hand, when the 
hydrogen partial pressure exceeds 10 kPa, the recombination reaction does 
not proceed, whereby the reverse structure transformation becomes 
insufficient, and accordingly, the anisotropic magnet powder of which the iHc 
is high cannot be obtained. 

[0048] And, when the treatment temperature in the present process is less 
than 1033 K, the above-described reaction does not proceed. On the other 
hand, when the treatment temperature exceeds 1213 K, the recombination 
reaction does not proceed properly, and consequently, the crystal grains 
become large. As a result, the anisotropic magnet powder of which the iHc 
is high cannot be obtained. Accordingly, it has been decided to canry out the 
present process at the third treatment temperature (T3) ranging from 1033 to 
1213 k, at which the above reaction slowly proceeds. The details of the 
preferable reaction rate or the like in the present process are also disclosed 
in the above-described patent document 5 and non-patent document 1 . 

[0049] (5) Forced evacuation process 
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The forced evacuation process is the process of removing hydrogen 
(residual hydrogen) from the RFeB-based alloy after the controlled 
evacuation process. In the present process, it is considered that the 
following reaction mainly proceeds. 

R2Fei4Bi Hx-* RaFeuBi + x H2 

The treatment temperature, the degree of vacuum, etc. in the present 
process are not limited specifically. It is preferable to draw gases to the 
degree of vacuum of about 1 Pa or less at a temperature approximately equal 
to the above-described T3 or lower than T3, because, if the degree of 
vacuum is low, the hydrogen may remain to cause the lowering of the 
magnetic properties. If the treatment temperature is too low, it takes a long 
time to evacuate gases, and if the treatment temperature is too high, the 
crystal grains become large, which is less preferable. 

[0050] This forced evacuation process does not need to be carried out 
continuously with the above-described controlled evacuation process. A 
cooling process of cooling the alloy material may be provided between the 
controlled evacuation process and the present process. The cooling 
process is effective where the RFeB-based alloy obtained after the controlled 
evacuation process is transferred to another treatment furnace or the like for 
batch treating the forced evacuation process or the like upon mass 
production, or the like. Upon pulverizing the RFeB-based alloy to a 
predetermined grain size, it is convenient to provide the cooling process. In 
addition, when the later-describing diffusion heat treatment is carried out, this 
cooling process facilitates the mixing of the RFeB-based alloy (R2 Fei4Bi Hx) 
with a diffusion material. It may be considered that this diffusion heat 



24 



treatment process serves as the forced evacuation process of the present 
invention, too. Namely, it may be considered that one embodiment of the 
forced evacuation process is the diffusion heat treatment process. 

[0051] The cooling condition of the RFeB-based alloy in the cooling process 
is not important. The cooling process is carried out to facilitate the handling 
of the RFeB-based alloy. Therefore, any cooling temperature, cooling 
method, cooling atmosphere or the like will do. In addition, since hydrides 
exhibit oxidation resistance, the RFeB-based alloy thereof can be taken in the 
air at room temperature. Of course, it is preferable to carry out the forced 
evacuation process of raising the temperature of the RFeB-based alloy (R2 
Fei4BiHx) again and drawing gases therefrom, etc. after the cooling process. 

[0052] And where the RFeB-based alloy (R2 Fe^BiMx) is mixed with the 
diffusion material after the controlled evacuation process, and then the 
diffusion heat treatment process is carried out, it is efficient to carry out the 
forced evacuation process together after the diffusion heat treatment process. 

[0053] (3) Diffusion heat treatment 

The anisotropic magnet powder exhibiting sufficiently high magnetic 
properties can be obtained only with the above-described d-HDDR treatment. 
But, by carrying out the later-describing diffusion heat treatment, the 
anisotropic magnet powder exhibiting improved coercive force and corrosion 
resistance can be obtained. 

[0054] This diffusion heat treatment basically includes a mixing process of 
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mixing the RFeB-based alloy (R2 FeuBiHx) after the controlled evacuation 
process or the RFeB-based alloy (anisotropic magnet powder) after the 
forced evacuation process with a diffusion material such as Dy, etc. to 
prepare a mixture powder, and a diffusion heat treatment process of heating 
the mixture powder to make Dy, etc. diffuse on a surface or into an inside of 
the RFeB-based alloy. 

[0055] ® Diffusion material 

The diffusion material may be the material containing at least one of 
the elements (hereinafter referred to as "R1") of dysprosium (Dy), terbium 
(Tb), neodymium (Nd). praseodymium (Pr) and lanthanum (La). For 
example, it may contain at least one of a simple substance, alloy, chemical 
compound or hydride (R1 material) of the elements (R1) of Dy, Tb, Nd, Pr and 
La. Examples of the hydride include hydride of the single substance, alloy or 
chemical compound of R1. In addition, a mixture of these materials will do. 
The configuration of the diffusion material before the mixing process is not 
limited specifically, but such a configuration as to be readily formed into a 
mixture powder in the mixing process is preferable. Accordingly. It is 
preferable to use a powdery diffusion material (diffusion powder) as required, 
and in this case, homogeneous diffusion of R1 into the RFeB-based alloy is 
facilitated. 

[0056] It is more preferable that the R1 material contains at least one kind of 
transition elements (hereinafter referred to as "TM") selected from the 3d 
transition elements and 4d transition elements, and that TM homogeneously 
diffuse on the surface and into the inside of the RFeB-based alloy along with 
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R1 in the diffusion heat treatment process. With this method, further 
improvement of the coercive force and further lowering of the permanent 
demagnetizing factor can be achieved. The 3d transition elements have 
atomic numbers ranging from 21 (Sc) to 29 (Cu), and 4d transition elements 
have atomic numbers ranging from 39 (Y) to 47 (Ag). In particular, Fe, Co, 
Ni of group 8 is effective in improving the magnetic properties. In addition, 
the diffusion material may be a mixture which is obtained by separately 
preparing a powder of R1 material, and a powder of a single substance, alloy, 
chemical compound or hydride of TM (TM material), and mixing these 
materials. The chemical compounds in the present specification Include 
intennetalllc compounds, too. And the hydrides include the hydride 
containing hydrogen In a solid phase, too. 

[0057] Examples of these diffusion materials include dysprosium powder, 
dysprosium cobalt powder, dysprosium Iron powder, dysprosium hydride 
powder, dysprosium cobalt hydride powder, and dysprosium iron hydride 
powder. In particular, in the case of R1 being Dy, the coercive force of the 
anisotropic magnet powder is Improved, and in the case of TM being Co, the 
Curie point of the anisotropic magnet powder is raised; In the case of Fe 
being contained in TM, the cost can be lowered. 

[0058] In particular, where the diffusion material is composed of a diffusion 
powder of which the average particle diameter ranges from 0.1 to 500 n m, 
the diffusion of R1 is readily carried out so as to be preferable. The diffusion 
material of which the average particle diameter Is less than 0.1 ix m is difTicult 
to produce, and when the average particle diameter exceeds 500 jx m, 
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homogeneously mixing of the diffusion powder with the RFeB-based alloy 
becomes difficult. And it is more preferable that the average particle 
diameter ranges from 1 to 50 m. 

[0059] Such diffusion powder is obtained by subjecting the R1 material to 
well-known hydrogen pulverization, dry-type or wet-type mechanical 
pulverization Qaw crusher, disc mill, ball mill, vibration mill, jet mill, etc.) or the 
like. The hydrogen pulverization is efficient for pulverizing the R1 material. 
It is preferable to use hydride powder as the diffusion powder from this 
viewpoint. Furthemiore, it is more preferable to carry out the dry-type or 
wet-type mechanical pulverization after the hydrogen pulverization. 

[0060] (2) RFeB-based alloy prior to the diffusion heat treatment 

It is efficient to use the RFeB-based alloy obtained after the controlled 
evacuation process or after the forced evacuation process as the 
RFeB-based alloy to be mixed with the diffusion material, and it is also 
preferable for improving the magnetic properties of the anisotropic magnet 
powder. Where the RFeB-based alloy (R2 Fei4BiHx) obtained after the 
controlled evacuation process is used, it is preferable to carry out the 
dehydrogenation process before the diffusion heat treatment process, or 
carry out the diffusion heat treatment process which serves as the forced 
evacuation process, too. Namely, the above-described mixing process is the 
process of mixing the hydride powder of RFeB-based alloy which is obtained 
after the controlled evacuation process with the diffusion powder of the 
hydride powder containing R1, and the above-described diffusion heat 
treatment process may be the process which also serves as the forced 
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evacuation process of removing residual oxygen from the mixture powder. 

[0061] And, the configuration of the RFeB-based alloy is not limited 
specifically, but it is preferable that the average grain size is not more than 
200 IX m, considering the mixing properties and diffusion properties with the 
diffusion material. 

[0062] ©Mixing process 

The mixing process is the process of mixing the RFeB-based alloy and 
the diffusion material with each other to prepare a mixture powder. In the 
mixing process, a henschel mixer, rocking mixer, ball mill or the like can be 
used. And it is especially preferable to use a rotary kiln or rotary retort, each 
being the furnace used for the diffusion heat treatment process, which 
additionally has a mixing function. To homogeneously mix the RFeB-based 
alloy with the diffusion material, it is preferable to properly carry out the 
pulverization and classification of the raw materials. By carrying out the 
classification, the formation of the bonded magnet or the like is facilitated. 
And to prevent oxidation of the anisotropic magnet powder, It is preferable to 
carry out the mixing process in an oxidation preventing atmosphere (such as 
an inert gas atmosphere and vacuum atmosphere). 

[0063] Upon mixing the diffusion material, it is preferable to mix 0. 1 to 3.0 
mass % of the diffusion material where the entire mixture powder is 100 
mass %. By properly adjusting the mixing ratio of the diffusion material, the 
anisotropic magnet power exhibiting high magnetic properties such as 
excellent coercive force, excellent residual magnetic flux density and 
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excellent rectangular properties of magnetic curve, and exhibiting excellent 
permanent demagnetizing factor can be obtained. 

[0064] ® Dehydrogenation process 

The dehydrogenation process is the process of removing residual 
hydrogen from the mixture powder. Where at least one of the RFeB-based 
alloy and the diffusion material is hydride, the dehydrogenation process is 
needed before the diffusion heat treatment process, or the dehydrogenation 
process which also serves as the diffusion heat treatment process is needed 
to contain hydrogen of the hydride. 

[0065] Where the RFeB-based alloy before the forced evacuation process is 
mixed with the diffusion material, and subjected to the diffusion heat 
treatment, the present process also serves as the forced evacuation process 
of the d-HDDR treatment. Where the RFeB-based alloy after the forced 
evacuation process is mixed with the diffusion material composed of hydride, 
and subjected to the diffusion heat treatment, the dehydrogenation process 
needs to be carried out before the diffusion heat treatment process. In this 
case, the dehydrogenation process may be carried out in a vacuum 
atmosphere which is not more than 1 Pa, and ranges from 1023 to 1123 K, 
for example. The reason why the pressure is determined to not more than 1 
Pa is that when the pressure exceeds 1Pa, hydrogen remains to cause the 
lowering of the coercive force of the anisotropic magnet powder. The reason 
why the temperature is detemnined to the range of 1023 to 1123 K is that 
when the temperature is less than 1023 K, the removing rate of the residual 
hydrogen is low, whereas when the temperature exceeds 1123 K, the crystal 
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grain becomes large. 

[0066] (DDiffusion heat treatment process 

The diffusion heat treatment process is the process of heating the 
mixture powder obtained after the mixing process to make R1 as the diffusion 
material diffuse on a surface and into an inside of the RFeB-based alloy. 

[0067] R1 acts as an oxygen getter, too, and restrains the oxidation of the 
anisotropic magnet powder and hard magnet which uses the anisotropic 
magnet powder. Therefore, even where the magnet is used in a 
high-temperature environment, degradation of properties caused by oxidation 
can be effectively restrained and prevented. And since the heat resistance 
of the magnet powder is improved, the use thereof is enlarged. 

[0068] It is preferable that this diffusion heat treatment process is carried out 
in an oxidation preventing atmosphere (vacuum atmosphere, for example), 
and the preferred temperature ranges from 673 to 1173 K, and the more 
preferred temperature is not more than the temperature of the controlled 
evacuation process (T3). In the case of less than 673 K. the diffusion rates 
of R1 and TM are slow so as to be not efficient, whereas in the case of 
greater than 1173 K and T3, the crystal grain becomes large and is less 
preferable. In addition, in order to prevent the growth of the crystal grain, it 
is preferable to cool it rapidly. 

[0069] (4) Others 

The anisotropic magnet powder obtained with the manufacturing 
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method of the present invention is fonned into sintered magnets and bonded 
magnets, each having a desired configuration. In particular, the anisotropic 
magnet powder obtained with the manufacturing method of the present 
invention can be freely formed into a desired configuration so as to be 
effective in forming the bonded magnets which do not require 
high-temperature heating. The bonded magnet is manufactured by adding a 
thermosetting resin, thermoplastic resin, coupling agent or lubricant, etc. to 
the obtained anisotropic magnet powder, kneading an obtained mixture and 
subjecting the kneaded mixture to compression molding, extruding, injection 
molding, or the like in a magnetic field. 

[0070] (Examples) 

Hereinafter, the present invention will be explained based on examples 
thereof. 

(Production of test pieces) 

(1) First example 

To examine the effect of the d-HDDR treatment in accordance with the 
present invention, test pieces No. 1 through 26 and No. C1 through C24 
shown in Tables 1 and 2 were manufactured. Four kinds of RFeB-based 
alloys having different compositions were prepared as raw materials for 
manufacturing these test pieces. These compositions are shown in Table 3. 
The unit used in Table 3 is at%, and the composition is shown with the entire 
alloy 100 at%. Hereinafter, each RFeB-based alloy will be called "alloy A", 
"alloy B", etc. using the characters A through B shown in Table 3. 

[0071] These alloys A through D were manufactured in the following manner. 
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Every alloy was manufactured by weighing raw materials on the market to 
have a desired composition, melting them using a high frequency melting 
furnace, and casting a molten material, thereby preparing an ingot of 100 kg. 
This alloy ingot was heated at 1413 K for 40 hours in an Ar gas atmosphere 
to homogenize the structure thereof (homogenizing heat treatment). This 
alloy ingot was further pulverized using a jaw crusher into large grains having 
an average particle diameter of not more than 10 mm to obtain alloys A 
through D having different compositions. The alloy D was pulverized into 
large grains without being subjected to the homogenizing heat treatment after 
the melting and casting treatments. 

[0072] Next, as shown in Tables 1 and 2. many test pieces were 
manufactured by varying the kind of the alloy, and the manufacturing process. 
The treating amount of each test piece was determined to 12.5 g. The alloy 
to be used in each test was placed in a treatment furnace, and subjected to 
the low-temperature hydrogenation process in the common condition of room 
temperature, 100 kPa. and 1 hour. Then, the alloy was subjected to the 
high-temperature hydrogenation process for 180 minutes. The temperature 
(T1) and the hydrogen partial pressure (PI) in the high-temperature 
hydrogenation process of each test piece were shown in Tables 1 and 2. 

[0073] Only the test piece No. 26 in Table 1 was not subjected to the 
above-described low-temperature hydrogenation process, but was directly 
subjected to the high-temperature hydrogenation process after raising the 
temperature from room temperature to a predetermined temperature under a 
predetermined hydrogen pressure. And, in the case of the test piece No. 26, 
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a block of about 5 through 10 mm was used as the alloy ingot. 

[0074] Furthemriore, the controlled evacuation process of which the hydrogen 
partial pressure was 1 kPa was carried out for 90 minutes. The temperature 
(T3) of this controlled evacuation process of each test piece was shown in 
Tables 1 and 2. In each of the test pieces No. C1 to C16, the 
high-temperature hydrogenation process and the controlled evacuation 
process were carried out at the same temperature, and accordingly, T3 
equals T1 . At last, the forced evacuation process was carried out for thirty 
minutes at the same temperature as that of the controlled evacuation process 
and under the hydrogen partial pressure in the treatment furnace of not more 
than1 Pa. 

[0075] In the case of the test pieces No. 1 thorough 26, the structure 
stabilization process was provided between the high-temperature 
hydrogenation process and the controlled evacuation process. In the 
structure stabilization process, at least one of the treatment temperature and 
the hydrogen partial pressure was increased. These process patterns are 
shown in FIGS. 1, 2 and 3. In the structure stabilization process, the 
temperature was raised from T1 to T2 for five minutes, but the temperature 
holding time was varied for every test piece. The details are shown in Table 
1. 

[0076] Furthermore, in the test pieces No. 19 through 23 out of the test 
pieces No. 1 through 26, after the controlled evacuation process, a cooling 
process of transferring hydride of the RFeB-based alloy to a cooling furnace. 



34 



and cooling the transferred hydride to room temperature was added. And 
after this cooling process, the above-described forced evacuation process of 
heating the hydride again and drawing gases therefrom was carried out. 
The process pattern at this time is shown in FIG. 4. 

[0077] In the test pieces No. C1 through C16, the above-described structure 
stabilization process was not provided, but the controlled evacuation process 
was carried out directly after the high-temperature hydrogenation process. 
The process pattern at this time is shown in FIG. 5. 

[0078] In the test pieces No. C17 through C22. the above-described structure 
stabilization process was provided, but T1 in the high-temperature 
hydrogenation process, and T2 and P2 in the structure stabilization process 
and T3 in the controlled evacuation process were outside the preferred 
ranges in accordance with the present invention. 

[0079] The test piece No. C23 was obtained by raising the temperature of the 
interior of the treatment furnace from T1 to T3 in five minutes when 5 minutes 
had passed after the start of the controlled evacuation process without being 
subjected to the structure stabilization process. The test piece No. C24 was 
obtained by raising the temperature of the interior of the treatment furnace 
from T1 to T3 in five minutes when 15 minutes had passed after the start of 
the controlled evacuation process without being subjected to the structure 
stabilization process. These process patterns are shown in FIG. 6. 

[0080] (2) Second example 
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To examine the effect of the diffusion heat treatment in addition to the 
d-HDDR treatment, test pieces No. 27 through 47 shown in Table 4 were 
manufactured. Six kinds of rare earth alloys having different compositions 
were prepared as raw materials for the diffusion materials of these test pieces. 
These compositions are shown in Table 5. The unit used in Table 5 is at%, 
and the composition is shown with the entire alloy 100 at%. Hereinafter, the 
rare earth alloys will be distinguished from each other using the characters a 
through f shown in Table 5. 

[0081] Upon manufacturing the test pieces No. 27 through 47, first, one of the 
alloys B through D shown in Table 3 was subjected to the above-described 
low-temperature hydrogenation process, high-temperature hydrogenation 
process, structure stabilization process and controlled evacuation process, 
and then cooled to room temperature in the cooling process. As a result, a 
hydride powder (average particle diameter: 100 jum) of RFeB-based alloy 
was prepared. 

[0082] Next, a hydride powder of one of the rare earth alloys a through f was 
prepared as the diffusion material. The average particle diameters of the 
hydride powders of the rare earth alloys a through f are different from each 
other, but were in the range from 5 to 30 n m. 

[0083] Mixture powders, each being obtained by mixing the above-described 
two kinds of powders with each other (mixing process), were subjected to the 
diffusion heat treatment process to obtain anisotropic magnet powders of the 
test pieces No. 27 through 47, The process pattern is shown in FIG 7. 
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[0084] The test piece No. 44 uses powder of rare earth alloy b (average 
particle diameter: 5 m) as the diffusion material in place of the 
above-described hydride. 

[0085] The test piece No. 40 used the anisotropic magnet powder which was 
after the forced evacuation process in place of the hydride powder of the 
RFeB-based alloy in the controlled evacuation process. Namely, the 
anisotropic magnet powder which was subjected to the forced evacuation 
process continuously after the controlled evacuation process without being 
subjected to the cooling process was used. The process pattern is shown in 
FIG 8. 

[0086] The test piece No. 47 used the anisotropic magnet powder which was 
temporarily cooled after the controlled evacuation process, and was 
subjected to the forced evacuation process by heating in a vacuum 
atmosphere. The process pattern is shown in FIG. 9. 

[0087] The conditions of the d-HDDR treatment and the diffusion heat 
treatment which were carried out upon manufacturing these test pieces No. 
27 through 47 are as follows. . Different conditions in these test pieces were 
respectively shown in Table 4. That is, the treating amount of the 
RFeB-based alloy: 12.5 g, low-temperature hydrogenation process: room 
temperature x 100 kPa x 1 hour, high-temperature hydrogenation process: 
1053 K X 180 minutes, structure stabilization process: the temperature is 
raised for five minutes^the temperature is held for 10 minutes, controlled 
evacuation process: 1113 K x 1 kPa x 90 minutes, forced evacuation process: 
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1113 Kx 10 Pa or less x 30 minutes, dehydrogenation * diffusion heat 
treatment process: 1073 K x 1 Pa or less x 1 hour. 

[0088] (3) Third example 

To examine the effect of the d-HDDR treatment and the diffusion heat 
treatment on the mass production, test pieces No, 48 through 54, C25 and C 
26 shown in Table 6 and Table 7 were manufactured. The test pieces No. 48 
through 51 and C25 were subjected to only d-HDDR treatment, and the test 
pieces No. 52 through 54 and C26 were further subjected to the diffusion heat 
treatment. The RFeB-based alloys used to prepare these test pieces are all 
alloys B, and the treating amount thereof is 10 kg. And hydride powders of 
rare earth alloys b were used as the diffusion material. The diffusion 
material was mixed with the hydride of the RFeB-based alloy after the 
controlled evacuation process in the amount of 1 to 3 mass % of the entire 
mixture material. The details of other processes were shown in Table 6 and 
Table 7 together. 

[0089] (Measurement of test pieces) 

The magnetic properties ((BH)max, iHc and Br) of the obtained magnet 
powders were measured at room temperature. The measurement was 
carried out using a VSM. The test pieces for measurement were obtained 
by first, classifying the magnet powders into particle diameters ranging from 
75 to 106 jum, and solidifying and forming the classified magnet powders 
with paraflln so that the demagnetizing factor becomes 0.2. They were 
oriented in the magnetic field of 1.5 T, and polarized with 4.5 T Then, the 
(BH)max, iHc and Br thereof were measured with VSM, 
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[0090] (Evaluation) 

(1) With respect to tiie d-HDDR treatment 

As is apparent from the comparislon between the test pieces No. 1 
through 26 and the test pieces No. C1 through C24. in the case of the test 
pieces No. 1 through 26 in accordance with the present invention, the 
magnetic properties thereof are Improved by subjecting them to the structure 
stabilization process between the high-temperature hydrogenation process 
and the controlled evacuation process. For example, in the case of the 
anisotropic magnet powder composed of the alloy B. of which the maximum 
energy product ((BH)max) is maximum, the maximum energy product of the 
test piece No. 4 is improved to 372 (kJ/m^) as compared with that of the 
conventional test piece No. C7. which is 360 (kJ/m^). In addition, in the case 
of the anisotropic magnet powder composed of the alloy C, of which the 
maximum energy product ((BH)max) is maximum, the maximum energy 
product of the test piece No. 19 is improved to 382 (kJ/m^) as compared with 
that of the conventional test piece No. C12, which is 360 (kJ/m^). From 
these results, it is clear that the anisotropic magnet powder manufactured by 
the method of the present invention is excellent, as compared with the 
conventional manufacturing method. 

[0091] The case of the alloy B has been explained, but the anisotropic 
magnet powdere composed of other alloys also have similar tendencies, as 
compared with the anisotropic magnet powders having the same composition. 
With respect to the test pieces No. 19 through 23, the cooling process was 
provided between the controlled evacuation process and the forced 
evacuation process. It can be also confinned that with this order of the 
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processes, excellent magnetic properties can be obtained and the mass 
production is facilitated. 

[0092] The test results of the test pieces No. C17 through C22 show that 
even if the structure stabilization process is provided between the 
high-temperature hydrogenation process and the controlled evacuation 
process, desired magnetic properties are not effected as long as the 
temperature and the hydrogen partial pressure are out of the preferable 
temperature range and the preferable hydrogen partial pressure range. 

[0093] With respect to the temperature, as is apparent from the comparison 
between the test pieces No. C23 and C24 and the test piece No. 4, when the 
temperature is raised in the controlled evacuation process improperly, the 
magnetic properties were not improved. 

[0094] As is apparent from the test results of the test pieces No. 11 through 
15 or the test pieces No. 19 through 22, by prolonging the holding time in the 
structure stabilization process, the coercive force (iHc) could be improved. 
Therefore, by prolonging the holding time, the heat resistance of the 
anisotropic magnet powder can be enhanced. The comparison between the 
test results of the test pieces No. 11 through 15 and those of the test pieces 
No. 19 through 22 showed that this tendency was observed regardless of the 
provision of the cooling process between the controlled evacuation process 
and the forced evacuation process. 

[0095] It has become apparent from the test results of the test pieces No. 17 
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and 18 that by raising the hydrogen partial pressure (P2) in the structure 
stabilization process, the magnetic properties are improved, as compared 
with C5 manufacured with the conventional d-HDDR process. But, it has 
already become clear from the present Inventor's studies that the 
improvement of the magnetic properties tends to be saturated when P2 is 
increased over a certain degree. It is preferable that the upper limit of P2 in 
the structure stabilization step is 200k kPa considering the cost and durability 
of the treatment furnace upon mass production. 

[0096] The test piece No. 24 is the embodiment showing that the conditions 
of T2 > T1 and P2 < P1 will do. As shown In the present embodiment, even 
where P2 is 20 kPa in the case of P1 being 30 kPa, the object of the structure 
stabilization process is sufficiently achieved by raising T2 from 1053K as T1 
to 1133 K to cancel the Influence of P2 < P1 sufficiently. The test piece No. 
25 is the embodiment showing that the conditions of T2 < T1 and P2 > PI will 
do. As shown in the present embodiment, even where T2 is 1103 K in the 
case of T1 being 1113 K, the object of the structure stabilization process Is 
sufficiently achieved by raising P2 from 30 kPa as PI to 200 kPa to cancel 
the influence of T2 < T1 sufficiently. As a result, good magnetic properties 
are effected by both the test pieces No. 24 and 25. 

[0097] Test pieces No. 26 and C5 are equal to each other in the composition 
of alloys and the condition of the high-temperature hydrogenation process, 
but are different from each other in that the low-temperature hydrogenation 
process and the structure stabilization process are provided or not. It has 
been clarified from the comparison between these test pieces that the 
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magnetic properties such as (BH)max and IHc can be enhanced by providing 
the structure stabilization process without providing the low-temperature 
hydrogenation process. 

[0098] (2) With respect to the diffusion heat treatment 

It has been apparent from the comparison between the test pieces No. 
27 through 47 and the test pieces No. 1 through 26, that iHc is increased due 
to the diffusion heat treatment in all cases. This is important for giving the 
heat resistance to magnets. And, It has been apparent from the comparison 
between the test pieces No. 33, etc. and the test pieces No. 41 through 43, 
that the preferable composition ratio of the diffusion material ranges from 
about 0.5 to 1 mass %, and that in the case of exceeding 1 mass %, the 
magnetic properties were lowered. In addition, it has been apparent from 
the comparison between the test piece No. 33 and the test piece No. 44, that 
the diffusion material other than hydride sufficiently exhibits such effect. 

[0099] It has been apparent from the test results of the test pieces No. 27 
through 29, iHc can be enhanced by prolonging the holding time in the 
structure stabilization process even where the diffusion heat treatment is 
carried out. Accordingly, in this case, the heat resistance of the anisotropic 
magnet powder can be enhanced by prolonging the holding time in the 
structure stabilization process. Of course, as is apparent from the test 
results of the test pieces No. 29 through 32, by increasing the composition 
ratio of the diffusion material, iHc is improved, and the heat resistance of the 
anisotropic magnet powder can be enhanced. 
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[0100] (3) With respect to the mass production properties 

The test pieces No. 48 through 51 intend to mass-produce the test 
piece No. 4, and the test piece No. C25 intends to mass-produce the test 
piece No. C7. In these cases, the magnetic properties tend to slightly lower 
with the increment of the treating amount, but, in the test pieces No. 46 
through 49. such tendency was smaller than that of the test piece No. C25. 
More specifically, as compared with the test piece No. C7, (BH)max of the 
test piece No. C25 lowers by 42 (kJ/m^), whereas, as compared with the test 
piece No. 4, (BH)max of the test piece No. 48 lowers by merely 20 (kJ/m^). 
As described above, with the manufacturing method in accordance with the 
present invention, the lowering of the magnetic properties upon mass 
production was not more than one half of that of the conventional 
manufacturing method. Accordingly, the manufacturing method of the 
present invention is a very effective method from the industrial viewpoint, and 
anisotropic magnet powder with high magnetic properties can be obtained not 
only on the levels of testing rooms but also upon mass production. 

[0101] As is apparent from the test results of the test pieces No. 48 through 
51. if the treating amount is increased, by prolonging the holding time in the 
structure stabilization process, iHc is improved, whereby the heat resistance 
of the anisotropic magnet powder is enhanced. 

[0102] It has been also found that by subjecting the test pieces No. 52 
through 54 and the test piece No. C26, which have been subjected to the 
diffusion heat treatment, to the structure stabilization process, the anisotropic 
magnet powder with high magnetic properties can be obtained even upon 
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mass production thereof, and that by increasing the composition ratio of the 
diffusion material, iHc increases, thereby enhancing the heat resistance of the 
anisotropic magnet powder 
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Table 3 



RFoB-based 
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Table 5 



Rare earth 
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